Pronephros
Introduction
Vertebrate kidney morphogenesis involves the progressive development of three kidney forms; the pronephros, mesonephros and metanephros. In the amphibian Xenopus laevis, the pronephros is the functional larval kidney and is the first to form. It is a paired organ that consists of a single non-integrated nephron. There are two clearly identifiable components that together form the functional pronephros; the glomus, and the pronephric tubules. The tubules can be further subdivided into specific segments, the proximal tubule, the intermediate tubule, the distal tubule and the connecting tubule based on marker gene expression (Reggiani et al., 2007) . The simplicity of this organ, coupled with the fact that it displays the same basic organization and function as the more complex mesonephros and metanephros, makes this an attractive model to study the vertebrate kidney formation (reviewed in Vize et al., 1997; Brä ndli, 1999) . generate pronephric tubules. In Xenopus laevis, pronephric tubules are specified by stage 12.5 in the anterior part of pronephric anlagen whereas the more posterior tubule segments, previously known as pronephric duct, is specified later between stage 13 and 14 in the posterior (Brennan et al., 1998; Seufert et al., 1999) . The splanchnic layer of intermediate mesoderm will form the glomus. Specification of this region occurs at stage 12.5, the same stage at which pronephric tubules are specified . Pronephros formation requires a series of successive and complex processes including specification, patterning, morphogenesis and differentiation, until it starts functioning at late tadpole stages (Vize et al., 1997; Brä ndli, 1999) . Therefore, the organogenesis of the pronephros is a relatively late developmental event compared to earlier events such as axis formation, germ-line induction and patterning of the body plan.
The understanding of the molecular basis of kidney development has increased dramatically in the past decade. In Xenopus, a number of genes and their roles in pronephros formation have been identified (reviewed in Jones, 2005; Chan and Asashima, 2006) , although most of them have been already reported to have a role in kidney development in mammals. However, several novel genes expressed in pronephros, were isolated by a whole mount in situ hybridization screen using a subtracted library in Xenopus made from intermediate mesodermal tissue or animal caps treated with activin and retinoic acid to induce pronephros (Sato et al., 2000; Seville et al., 2002; Kaneko et al., 2003; Li et al., 2005) .
Large-scale gain-of-function screens using X. laevis embryos have proven to be very useful for identifying genes with specific activities of interest. Usually, such screens have been performed in X. laevis by injecting mRNA pools made from a non-normalized cDNA library, starting with very large pools containing thousands of clones (e.g. Harland, 1991, 1992; Lemaire et al., 1995; Mead et al., 1996) . Once a positive pool for desired activity was identified, the pool size was decreased by dividing into smaller pools until a single positive clone could be isolated. This process is known as sib-selection (McCormick, 1987) . One of the biggest advantages of such a functional screen is simultaneous identification of the fulllength gene and its function(s). This leads directly to more detailed functional analysis, since phenotypes caused by mRNA injection reflect both the gene function(s) and role(s) in basic cellular processes and/or in early embryonic development. This enables specific developmental events such as axis formation, germ-line induction, patterning of body planes, differentiation and morphogenesis of the particular tissues to be addressed. For examples, Wnt-8 (Smith and Harland, 1991) , noggin (Smith and Harland, 1992) , Siamois (Lemaire et al., 1995) , Mix.1 (Mead et al., 1996) , Xombi (Lustig et al., 1996) , Sizzled (Salic et al., 1997) , Gremlin (Hsu et al., 1998) and Geminin (Kroll et al., 1998) were identified by functional screens as developmentally important molecules.
Although this method has been useful for identification of genes with important roles in early development, there are considerable limitations. For example, screening very large pools usually leads to the identification of only those genes that are abundant in the library and/or that can cause a phenotype with very small quantities of injected mRNA. This is mainly due to both the limited number of injected mRNAs and limited quality of injected mRNA pools made from such non-normalized cDNA libraries. Since cDNA libraries contain multiple copies of genes, abundant clones of house keeping genes which have little or no developmental effects are screened repeatedly and rare positive clones might not be expressed in sufficient quantity to show an identifiable phenotype. In addition, cDNA libraries usually contain a significant number of contaminating clones, such as inserts derived from truncated mRNA, rRNA inserts, mitochondrial DNA inserts and empty vectors, which can lead to the low efficiency of a screen.
Therefore, one strategy for a more efficient screen is simply to decrease the number of clones contained in each pool. A screen carried out with small sizes of pools leads to increase in the amount of each mRNA in each pool and is useful for the identification of rare clones and/or those with relatively weak activity. However, starting a screen from small pool sizes makes it difficult to screen large numbers of clones. To date such screens have been performed successfully with pool sizes ranging from 96 to 1000 (e.g. Lustig et al., 1996; Salic et al., 1997; Hsu et al., 1998; Kroll et al., 1998; Grammer et al., 2000) , although this strategy failed to identify genes affecting pronephros formation (Grammer et al., 2000) .
Another approach for a more sensitive and effective screen is the use of a non-redundant library, as described by Chen et al. (2005) and Voigt et al. (2005) . They have performed small-scale gain-of-function screens using the X. tropicalis full-length plasmid cDNA library that consists of selected clones that are likely to have a full-length open reading frame without redundancy (D'Souza et al., 2003; Gilchrist et al., 2004) . They compared a gain-of-function screen carried out with this library (8 clones per pool size) with a redundant small pool screen (96 clones per pool size), similar to those published by Grammer et al. (2000) , and indicated their modification made the functional screen more sensitive and effective .
In this study, we have performed a functional screen specifically to identify genes involved in pronephros development in Xenopus, a relatively late developmental event. The gain-of-function screens are performed by injecting mRNA pools made from a non-redundant X. tropicalis full-length plasmid cDNA library into X. laevis eggs, followed by sib-selection to identify the single clone that caused abnormal phenotypes in the pronephros. Overall, 31 positive genes have been identified out of 768 egg and gastrula stage cDNA clones. Most of the positive clones have clear expression patterns in the pronephros, recognized by whole mount in situ hybridization using X. tropicalis embryos. Further examination of five selected clones, which had highly specific endogenous expression patterns in the pronephros region, indicated that these mRNA injections led to pronephric abnormalities of different phenotypes and with different times of onset.
2.
Results and discussion
Overview of functional screen strategy
This study sets out to perform a functional screen to identify genes that cause abnormal pronephros development by mRNA over-expression in Xenopus laevis (Fig. 1) . In order to maximize the chance of a phenotypic readout we decided to use the X. tropicalis full-length cDNA set, constructed as described previously (D'Souza et al., 2003; Gilchrist et al., 2004) . This plasmid cDNA library consists of selected clones that are likely to have a full-length open reading frame without redundancy. Since the inserted cDNA is in an expression vector designed for in vitro transcription, the library can be used directly for a sensitive and highly effective functional screen Voigt et al., 2005) . Fig. 1 -Schematic overview of the functional screen. Xenopus tropicalis unique full length clones in 384-well plates were rearrayed into 96-well plates. Two replicate plates were prepared to make mRNA pools from each row and column of each 94-well plates. Each mRNA pool was injected into the lateral marginal zone in one cell of 2-cell stage embryos. About half of the injected embryos were fixed at an early tadpole stage (stage 22-23) and assayed for pronephros development by whole mount in situ hybridization using the Lim-1 probe. The rest of embryos were fixed at a late tadpole stage and assayed by whole mount in situ hybridization using the Na + , K + -ATPase probe (stage 37/38) or antibody staining using 3G8 and 4A6 antibodies (stage 40). Positive row and column pools from the same plate indicated candidate individual clones responsible for phenotype. The mRNA from the candidate individual clone was made and injected into embryos to identify positive clones.
The expression pattern of all identified positive clones were examined by whole mount in situ hybridization at a series of developmental stages.
The plates containing clones derived from egg and gastrula stages were selected for screening. mRNA pools were generated as described in Section 4. Injected embryos were either assayed by whole mount in situ hybridization for Lim-1 expression (stage 22-23) or for Na + , K + -ATPase a1 subunit expression (stage 37/38) or immunostained using a mixture of 3G8 and 4A6 monoclonal antibodies (stage 40). Lim-1 is an early marker gene for the pronephros anlagen (Taira et al., 1994a) , that is involved in neural and muscle induction (Taira et al., 1994b) and pronephros development (Carroll and Vize, 1999; Chan et al., 2000) . The Na + , K + -ATPase a1 subunit is a late marker gene for pronephric tubules (Eid and Brä ndli, 2001; Zhou and Vize, 2004) . Immunostaining with a combination of 3G8 and 4A6 monoclonal antibodies allows the detection of proximal pronephric tubules and nephrostomes, and the more posterior tubules, respectively (Vize et al., 1995) . Positive pools were selected according to the criteria described in Section 4. Positive row and column pools from same plate indicated a putative candidate individual clone responsible for the phenotype (Fig. 1) , which was then confirmed by the injection of mRNA from individual candidate clones.
Summary of screen results
We assayed functionally 768 clones from two original 384-well plates (plates No. 6 and 7). Each 384-well plate was divided into four 96-well plates (8 plates in total) and each row and column mRNA pools (160 pools in total) assayed for disruption of normal pronephrogenesis. This analysis revealed 72 positive pools. The comparison of these positive row and column pools from the same plate indicated potentially 114 candidate individual clones generating an abnormal pronephros. The independent mRNA injection of each of these 114 clones obtained from pool injections confirmed 31 individual positive clones showing repeatable pronephric phenotypes (Table 1 ). This reduction in number was not unexpected due to ambiguity in clone selection where within a single plate multiple rows and columns provide a phenotype, or indeed if a phenotype can only be observed when combinations of two clones are injected.
Three major classes of phenotypes were observed (Fig. 2) . The most typical phenotype in the screen was ''reduced'' pronephros staining, followed by ''absent'' and ''enlarged/ectopic'' staining. Out of 31 individual clones identified in the screen, 30(97%) and 28(90%) clones showed a ''reduced'' phenotype of Lim-1 and Na + , K + -ATPase/antibody staining, respectively; 8(26%) and 7(23%) clones showed an ''absent'' phenotype of Lim-1 and Na
ase/antibody staining, respectively; 3(10%) and 1(3%) of the clones showed an ''enlarged/ectopic'' phenotype for Lim-1 and Na + , K + -ATPase/antibody staining, respectively (Table 1  and Fig. 2A ). Over-expression of some clones resulted in two distinct and sometimes apparently conflicting phenotypes, hence percentage phenotypes scored in total more than 100%. These multiple phenotypes were identified by the screen for pronephric abnormality separately at early tailbud stage (stage 22-23) and late tadpole stage (stage 37/38 and stage 40).
2.3.
Classification of the positive clones by sequence similarity with database sequences Positive clones were categorized according to the results of BLAST search in the public databases (Fig. 3A) . Out of the 31 positive clones, 12 clones (39%) had X. laevis orthologous mRNA sequences without functional publications. Putative ortholog EST or partial cDNA sequences in X. laevis were identified for eight clones (26%). Six clones (19%) had orthologous mRNA sequence in species other than X. laevis. Only five clones (16%) had publications about their functions in X. laevis, suggesting the effectiveness of this screening strategy to identify functionally new genes involved in pronephric development. The availability of orthologous sequences in X. laevis suggested that although the origin of the cDNAs was X. tropicalis, X. laevis was an appropriate species to analyze the more detailed function of clones identified by this screen.
2.4.
Classification of the positive clones by function
Gene names were assigned to the positive clones identified in the screen based on their name, if cloned in X. tropicalis, or on the gene with the highest score obtained in the BLAST search. They were grouped into seven categories, depending on their predicted/established function (Table 1 and Fig. 3B ).
Transcription
Out of the 31 clones, 7 clones (23%) were identified as transcription factors or co-factors (Table 1 and Fig. 3B ). Ahctf1, also known as Elys/Mel-28, was originally identified as a putative transcription factor involved in mouse haematopoiesis (Kimura et al., 2002) , and was subsequently indicated to have a critical role in early development (Okita et al., 2004) . More recently Ahctf1 was found to interact with a nuclear pore protein complex Nup107-160 and to have functions in nuclear pore assembly at the nucleus and in faithful cell division (Rasala et al., 2006) . Cops2, also known as Alien/Csn2/Fus12/ Sgns/Trip15, is the second subunit of the COP9 signalosome (CSN), an eight-subunit heteromeric complex with sequence similarity to the lid subcomplex of the 26S proteosome. CSN interacts with cullin-containing E3 ubiquitin ligases and is required for their proper function. CSN may also regulate proteolysis by its association with protein kinase and deubiquitinating enzymes (reviewed in Schwechheimer, 2004) . Deaf1, also known as Nudr/Suppressin, was first identified as a nuclear DNA-binding protein that recognized sites within the autoregulatory element of the Deformed gene in Drosophila melanogaster (Gross and McGinnis, 1996) . Targeted disruption of the murine Deaf1 gene leads to neural tube defects and skeletal abnormalities (Hahm et al., 2004) . Fubp1 is a singlestrand DNA-binding protein that activates the far upstream element (FUSE) of c-myc and stimulates expression of this gene in undifferentiated cells (Duncan et al., 1994) . Hsf3 is a member of the heat shock transcription factor (Hsf) family which induce expression of heat shock proteins in response to various stress stimuli. In addition, recent studies indicate different Hsfs mediate the responses to many forms of physiological and environmental stimuli (reviewed in Pirkkala et al., 2001 ). Sox7 is a member of the Sox (SRY-related box) family of transcription factors involved in the regulation of embryonic development and in the determination of cell fate (reviewed in Kiefer, 2007) . Supt6h is a homolog of the Saccharomyces cerevisiae gene Spt6 (Chiang et al., 1996) , which is involved in transcription elongation (Hartzog et al., 1998) , maintenance and modulation of chromatin structure (Bortvin and Winston, 1996) . Pandora, a mutation of the zebrafish Supt6 homolog, exhibits multiple developmental abnormalities, including reduced pigmentation and malformation of the tail, ear and eye . Additionally, Pandora mutations have a reduced number of myocardial cells especially in the cardiac ventricle Yelon et al., 1999) . Embryos injected with Supt6h and Fubp1 mRNAs were used as examples of embryos classified into ''reduced'' and ''absent'' phenotypes, respectively (Fig. 2B , C, F and G).
Cell signaling
Six clones (19%) were identified as involved in cell signaling (Table 1 and Fig. 3B ). Csnk1g1 is a member of casein kinase 1 family. This family consists of monomeric serine/threonine kinases involved in various cellular processes such as cell , respectively, are shown. Consistent abnormalities displayed in more than 20% of injected embryos were adopted as phenotypes (A, absent; C, coiling affected; E, enlarged/ectopic; R, reduced).
proliferation, differentiation and apoptosis (reviewed in Knippschild et al., 2005) . In Xenopus embryos, Csnk1g1 is required during anterior-posterior patterning to promote posteriorizing Wnt/b-catenin signaling through phosphorylation of LRP6 (Davidson et al., 2005) . Csnk2b is a b-subunit of casein kinase 2 which is a tetrameric holoenzyme consisting of two catalytic a-subunits and two regulatory b-subunits. Casein kinase 2 can phosphorylate multiple substrate proteins and is involved in signal transduction, transcriptional control, apoptosis and cell cycle (reviewed in Guerra and Issinger, 1999).
Casein kinase 2 has been identified as a positive regulator of Wnt/b-catenin signaling and is required for dorsal axis formation in Xenopus embryos (Dominguez et al., 2004 (Dominguez et al., , 2005 . Dusp4/Mkp2 and Dusp11/Pir1 are members of the dual-specificity protein phosphatases. Dusp4 belongs to MAP kinase phosphatases (MKPs) that negatively regulate their specific targets of mitogen-activated protein (MAP) kinases, which are associated with cellular proliferation and differentiation, by dephosphorylating both the threonine and tyrosine residues (reviewed in Kondoh and Nishida, 2007) . Dusp4 specifi- cally inactivates ERK1, ERK2 and JNK (Chu et al., 1996) , is expressed in a variety of tissues (Misra-Press et al., 1995) , and is localized in the nucleus (Guan and Butch, 1995) . Dusp11 is a protein tyrosine phosphatase localized to the nucleus and binds directly to RNA and splicing factors, suggesting potential roles in nuclear RNA metabolism (Yuan et al., 1998) . The Talpid3 gene product encodes a novel protein essential for Hedgehog signaling, and is required for both activator and repressor functions of Gli transcription factors (Davey et al., 2006) . The protein encoded by Ppil5/LRR-1 contains a leucine-rich repeat (LRR). It specifically interacts with TNFRSF9/4-1BB, a member of the tumor necrosis factor receptor (TNFR) superfamily. Over-expression of this gene in cell culture suppresses the activation of NF-jB induced by TNFRSF9 or TNF receptor-associated factor 2 (TRAF2), which suggests that this protein is a negative regulator of TNFRSF9-mediated signaling cascades (Jang et al., 2001 ).
Post-transcription/translation
Among total 31 individual clones, 5 clones (16%) were identified as involved in RNA splicing or translational regulation/ modification (Table 1, Fig. 3B ). Cpeb3 is a member of the cytoplasmic polyadenylation element binding protein (CPEB) family that bind RNA in a sequence-specific manner to regulate protein translation (reviewed in Richter, 2007) . Elavl2, also known as Hub/Elrb, is a member of the Elav (embryonic lethal, abnormal vision)-like RNA-binding protein family. These proteins selectively bind AU-rich elements (AREs) located in 3 0 untranslated regions of mRNAs and stabilize ARE-containing mRNAs (reviewed in Brennan and Steitz, 2001) . Snrpd1, also known as SmD1, is a small nuclear ribonucleoprotein that belongs to the snRNP core protein family, usually referred to as Sm proteins. The small nuclear RNA precursors interact with seven Sm proteins, Snrpb1/Snrpb2, Snrpd1, Snrpd2, Snrpd3, Snrpe, Snrpf and Snrpg to form the small nuclear ribonucleoproteins (snRNP) Sm core structure. Together with many additional proteins, this RNA-protein complex forms the spliceosome, a structure involved in the nuclear processing of pre-mRNA (Will and Lü hrmann, 2001 ). Sfrs3/Srp20 and Sfrs5/Srp40 are members of the serine/arginine-rich (SR) protein family that have multiple functions in the pre-mRNA splicing reaction (reviewed in Graveley, 2000; Sanford et al., 2005) . SR proteins can function to regulate alternative splicing as well as constitutive splicing. Moreover, a subset of SR proteins shuttle continuously between the nucleus and cytoplasm, suggesting their roles in mRNA transport and/or in cytoplasmic events such as mRNA localization, stability or regulation of translation (Cá ceres et al., 1998).
Cell-cycle/apoptosis
Three clones (10%) were identified with these functions (Table 1 and Fig. 3B ). Ebag9, also known as Rcas1, was originally identified as an estrogen-responsive gene (Watanabe et al., 1998) . The encoded protein inhibits cell growth (Tsuchiya et al., 2001) , and is a tumor-associated antigen that is expressed at high frequency in a variety of cancers (reviewed in Enjoji et al., 2005) . Gadd45gamma (or Gadd45g), also termed CR6 (Beadling et al., 1993) , is a member of the Gadd45 family of growth arrest and DNA-damage-inducible genes, that also includes Gadd45a/Gadd45 (Fornace et al., 1988) and Gadd45b/MyD118 (Abdollahi et al., 1991) . In X. laevis embryos, Gadd45g is activated by Ngnr1 and repressed by Iroquois, suggesting involvement in neural differentiation through cell cycle exit (de la Calle-Mustienes et al., 2002) . P53csv is a p53-inducible gene, and involved in the p53-mediated cell survival (Park and Nakamura, 2005). The 31 clones were divided into four categories: ''X. laevis (Not published)''; those that had X. laevis full-length orthologous mRNA sequence without functional publications, ''EST/partial (X. laevis)''; those that had putative orthologous EST or partial cDNA sequence in X. laevis, ''other species''; those that had their orthologous mRNA sequence in species other than X. laevis, and ''X. laevis (Published)''; those with full-length orthologous mRNA sequence and functional publications in X. laevis. (B) We examined predicted/established functions of the clones on the basis of the results from homology searches. The 31 clones were classified into seven groups: ''transcription'', ''cell signaling'',''post-transcription/translation'', ''cell-cycle/apoptosis'', ''metabolism'', ''other functions'' and ''functionally unknown''. (C) The clones were also characterized by their expression pattern examined by whole mount in situ hybridization. The 31 clones were separated into three classes: ''pronephros''; that had recognized expression patterns which included the pronephros, ''other tissues''; that had recognized expression patterns in tissues other than the pronephros, and ''undetectable''; that had no particular tissue specific expression pattern. Values were given as percentages of total numbers of putative individual clones identified in the screen (n = 31).
Metabolism
Two clones (6%) involved in metabolism were categorized into this group (Table 1 and Fig. 3B ). Mecr is a mitochondrial protein involved in extracytosolic type fatty acid synthesis (Miinalainen et al., 2003) . Mecr was observed to interact with peroxisome proliferator-activated receptor a as well as with a number of other nuclear receptors in the yeast two-hybrid assay (Masuda et al., 1998) . Srd5a1 catalyzes the conversion of testosterone to dihydrotestosterone, an androgen required for male sexual differentiation. Srd5a1 expression is detectable in whole body homogenates of X. laevis embryos from stage 12 to 48, suggesting that this gene is involved in sexual differentiation already in early developmental stages (Urbatzka et al., 2007) .
Other functions
Three clones (10%) that had predicted/established function other than above groups were categorized into this group (Table 1 and Fig. 3B ). Alg10b, also known as KCR1, is a homolog of the a-1,2-glucosyltransferase in yeast, and regulates activity of potassium voltage-gated channel belonging to the EAG family (Hoshi et al., 1998) . Dnajc15, also known as Mcj, is a member of the DnaJ protein family of co-chaperones, and its expression is controlled by methylation (Shridhar et al., 2001 ). The DnaJ protein family is one of the largest co-chaperone families that are important for protein translation, folding, unfolding, translocation and degradation, primarily by stimulating the ATPase activity of the chaperone proteins Hsp70s (reviewed in Qiu et al., 2006) . Some co-chaperones also have roles in endocytosis and exocytosis, protein targeting, cytoskeletal function and signal transduction (reviewed in Young et al., 2003) . Although Dnajc15 is a transmembrane protein localized in the Golgi compartment (Hatle et al., 2007) , its biological function is poorly understood. LysC is a lytic enzyme, which degrades peptidoglycan, a constituent of bacterial cell wall, and involved in bacteriolysis (reviewed in Ginsburg, 2002) .
Functionally unknown
Five clones (16%) were identified that did not have predicted/established function (Table 1 and Fig. 3B ). Interestingly, embryos injected with Wdr73 mRNA were the only overexpression sample to give an ''enlarged/ectopic'' phenotype in Na + , K + -ATPase staining (Table 1 and Fig. 2H ). Although Wdr73 mRNA sequences were already reported in several species, its biological functions remain unknown.
Classification of the positive clones on the basis of in situ expression patterns
The expression pattern of all identified positive clones were examined and characterized by whole mount in situ hybridization using X. tropicalis embryos (Figs. 3C and 4) . Out of 31 clones, endogenous mRNA expression of 24 of the clones (77%) was identified in the pronephros. Five clones (16%) had expression patterns in tissues other than pronephros. We could not identify a specific expression pattern for 2 of the clones, Deaf1 and Alg10b (6%). These in situ localizations are summarized in Fig. 4 showing key developmental stages. These results suggest that the screen was successful in identifying new genes involved in pronephros development and with previously unknown distributions in the developing kidney.
We decided to analyze further clones that had highly specific expression patterns in pronephros region and had predicted/established function. Among the 24 clones with expression patterns in the pronephros, 7 clones had highly specific expression patterns in this organ, other clones having weak and/or transient staining in the kidney. Sox7 was detectable in pronephric sinus as well as posterior cardinal veins (Fig. 4A) . The novel protein similar to Talpid3 was localized to the nephrostomes (Fig. 4B) . Cpeb3 expression was highly specific in the intermediate and distal tubules (Fig. 4C) . P53csv, Mecr, Dnajc15 and hypothetical protein LOC100125184 were expressed in whole pronephros (Fig. 4D-G) . We decided to analyze further 5 clones, Sox7, Cpeb3, P53csv, Mecr and Dnajc15.
Further analysis of the selected five clones
In order to analyze in more detail the effects of misexpression of these selected clones in the early pronephric anlagen and late pronephric tubules and glomus, Pax8 and Wt1 expression by whole mount in situ hybridization in addition to Lim-1 and Na + , K + -ATPase expression were analyzed on the injected embryos. Pax8 is an early marker gene for the pronephric anlagen (Carroll and Vize, 1999; Heller and Brä ndli, 1999) as is Lim-1, although the transcription of the two genes might be controlled independently (Carroll and Vize, 1999) . Wt1, at the stage tested, is a molecular marker for glomus (Carroll and Vize, 1996; Semba et al., 1996) .
Embryos were injected at the two-cell stage into the lateral marginal zone of a single cell with either 300 pg mRNA (Sox7, Cpeb3, andP53csv) or 900 pg (Mecr, Dnajc15), since the latter genes gave weaker phenotypes following over-expression observed previously. The injected embryos were fixed at the early tadpole stage to examine Lim-1 and Pax8 staining, and at late tadpole stage to assay Wt1 and Na + , K + -ATPase staining.
Injection of Sox7 mRNA caused reduced staining of all four markers although Wt1 expression was less affected compared to the reduction in the other three markers (Fig. 5A and B) . This suggests that Sox7 inhibits differentiation of the whole intermediate mesoderm from an early stage. In X. laevis, expression of Sox7 is detectable maternally (Fawcett and Klymkowsky, 2004) and is directly regulated by the T-box transcription factor Veg-T which initiates mesendodermal differentiation (Zhang et al., 2005) . Sox7 can induce expression of the Nodal-related genes Xnr1, Xnr2, Xnr4, Xnr5 and Xnr6, and is required for Veg-T-induced expression of endodermal markers (Zhang et al., 2005) . Therefore, pronephric defects caused by Sox7 over-expression might be due to disruption of mesendoderm formation. Another possible cause of failure of normal pronephros formation is inhibition of canonical Wnt signaling. A subset of Sox proteins can act as negative regulators of the canonical Wnt signaling pathway (Zorn et al., 1999; Takash et al., 2001) . Takash et al. (2001) indicated that Sox7 can inhibit the b-catenin-induced activation of the TCF-responsive TOPFLASH reporter in a cell culture assay. The Wnt signaling pathway plays critical roles in multiple aspects of kidney development (reviewed in Merkel et al., 2007) . Recent studies revealed that, in murine metanephros devel-opment, canonical Wnt signaling is detectable in epithelia of branching ureteric bud and nephrogenic mesenchyme during its transition into renal tubules (Iglesias et al., 2007) , and is sufficient to induce nephrogenesis in kidney mesenchymes (Kuure et al., 2007) . Park et al. (2007) also showed canonical Wnt signaling is necessary for initiating and maintaining this induction, and that these inductive pathways are mediated by Wnt9b and Wnt4. In X. laevis, disruption of Wnt4 function Fig. 4 -The expression patterns of clones identified by the functional screen, examined by whole mount in situ hybridization using X. tropicalis embryos. Twenty-nine out of the 31 positive clones identified in the screen displayed identifiable in situ patterns of expression. The clones were divided into each of seven functional groups on the basis of their predicted/ established function (A, transcription; B, cell signaling; C, post-transcription/translation; D, cell-cycle/apoptosis; E, metabolism; F, other functions; G, functionally unknown). The images are ordered by gene names (black). The main expression domains of each clone at all stages analyzed are indicated in red, although not all of these domains are represented in the photographs presented (cc, ciliated cells; cns, central nervous system; dt, distal tubules; e, eye; it, intermediate tubules; ms, migrating somite; n, primary neuron; ns, nephrostomes; op, olfactory pit; ov, otic vesicle; pa, pharyngeal arches; pcv, posterior cardinal veins; pn, pronephros; s, somite; vbi, ventral blood island). The numbers in each photograph indicate the developmental stage of embryos shown. Other abbreviations are: A, anterior view (dorsal is up); D, dorsal view (anterior is left); L, lateral view (anterior is left, dorsal is up).
abolishes expression of pronephric tubule-specific marker gene without affecting more posterior pronephric tubule development (Saulnier et al., 2002) . Although Wnt9b function in Xenopus pronephros development has not yet been reported, Wnt9b is essential for the development of mesonephric and metanephric tubules and caudal extension of the Mü llerian duct in mice (Carroll et al., 2005) . Therefore, phenotypes caused by Sox7 mRNA injection might be due to disruption of Wnt9b and Wnt4 roles in Xenopus pronephros development.
The most significant phenotype following Cpeb3 overexpression was enlarged/ectopic staining of Pax8 (Fig. 5A and B). Compared to LacZ mRNA injected embryos, Pax8 expression in pronephric anlagen and otic vesicle was enlarged in Cpeb3 mRNA injected embryos. Cpeb3 over-expression also led to ectopic Pax8 staining in presumptive neural tissue. Other phenotypes caused by Cpeb3 over-expression were reduced staining of all four pronephric marker genes ( Fig. 5A and B) , suggesting that Cpeb3 inhibits differentiation of whole intermediate mesoderm from an early stage. Therefore, Cpeb3 mRNA injection resulted in both enlarged/ ectopic and reduced expression of Pax8. Cpeb3 is a member of the cytoplasmic polyadenylation element binding proteins (CPEBs) that bind RNA in a sequence-specific manner to regulate protein translation (Richter, 2007) . Cpeb3 acts as a translational repressor that controls the synthesis of the AMPA receptor GluR2 in mouse neurons (Huang et al., 2006) , although other target mRNAs for Cpeb3 and its role in neural development remain unknown. Pax8 is expressed in neural tissue such as otic vesicle, hindbrain and spinal cord as well as pronephros in X. laevis (Heller and Brä ndli, 1999) . Therefore, one of the explanations for opposite effects of Cpeb3 mRNA injection on Pax8 expression is that Cpeb3 over-expression inhibits pronephric differentiation but induces neural differentiation. Consistent with this assumption, X. tropicalis Cpeb3 expression was identified in the central nervous system as well as posterior pronephric tubule segments (Fig. 4C) .
P53csv mRNA injection caused a reduction of Lim-1, Pax8 and Na + , K + -ATPase staining without a significant effect on
Wt1 staining (Fig. 5A and B) . These results suggest that whole mount in situ hybridization. Embryos were injected at the 2-cell stage into the lateral marginal zone of 1 cell with 300 pg mRNA of SRY (sex determining region Y)-box 7 (Sox7), cytoplasmic polyadenylation element binding protein 3 (Cpeb3), and P53-inducible cell-survival factor (P53csv). 900 pg of mRNA was injected for mitochondrial trans-2-enoyl-CoA reductase (Mecr) and DnaJ (Hsp40)homolog, subfamily C, member 15 (Dnajc15). The injected embryos were fixed at early tadpole stage to examine Lim-1 and Pax8 staining, and at late tadpole stage to assay Wt1 and Na P53csv is involved in formation of pronephric components derived only from the somatic layer from an early stage. P53csv is a p53-inducible gene, and involved in the p53-mediated cell survival. P53csv can modulate apoptotic pathways through interaction with Hsp70 that probably inhibits activity of apoptosis protease activating factor-1 (Park and Nakamura, 2005) . P53csv over-expression might, therefore, affect proliferation of pronephric tubules cells rather than their differentiation.
Injection of increased concentrations of Mecr and Dnajc15 mRNA did not enhance the original phenotypes observed in the screen. Mecr over-expression caused reduced staining of more than 25% embryos only for the late stage marker Na + , K + -ATPase, whereas the phenotype caused by Dnajc15 overexpression was reduction only in Lim-1 staining at earlier stage ( Fig. 5A and B) . These results suggested Dnajc15 only influences development at the early tadpole stage, whereas Mecr affects late differentiation of all pronephric tubules segments. These five clones were analyzed in identical batches of embryos and following the same procedure. However, their over-expression led to a different phenotypic patterns for each pronephric marker; suggesting that they play a different role and/or function by different mechanisms in pronephros development at different developmental stages.
Conclusions
We performed a functional screen to identify genes that cause abnormal pronephros development by mRNA overexpression in Xenopus. Using this approach, several molecules had been revealed to have important roles in early developmental events, such as axis formation, patterning, differentiation and morphogenesis (e.g. Harland, 1991, 1992; Lemaire et al., 1995; Mead et al., 1996; Lustig et al., 1996; Salic et al., 1997; Hsu et al., 1998; Kroll et al., 1998) .
However, this method might be thought to have limited efficiency for the screen of genes involved in late developmental events, like pronephros development. First, since late developmental events occur as a result of early developmental patterning events, phenotypes observed at late developmental stage might be just secondary effects caused by earlier developmental defects, rather than a specific effect on the developmental programme of interest. Secondary, injection of mRNA pools made from low quality cDNA libraries containing redundant and truncated inserts might not be quantitative enough to cause phenotypes at late stages, since the injected mRNA is gradually degraded as embryos develop and rarely persists to swimming tadpole stages (stage 35). In order to avoid these problems, it is important to increase the relative quantity of full-length injected mRNA for the clones contained in each pool. We achieved this by injecting pools of mRNA made from the X. tropicalis full-length plasmid cDNA library into X. laevis eggs, as described by Chen et al. (2005) and Voigt et al. (2005) .
Previously there has been reported a lack of success in the identification of clones giving a phenotype in pronephros marker gene expression (Grammer et al., 2000) . Our strategy, based on Voigt et al. (2005) , identified 4% of the screened clones with phenotypes in either or both of the pronephric markers examined by whole mount in situ hybridization or antibody staining indicating that this strategy is more successful, at least for later developmental events. Since we considered the possibility that mRNA injection might result in a phenotype expressed at either an early or late stage of pronephric development, we analyzed phenotypes both at early tailbud stage and also at late tadpole stages. At early tailbud stage, injected embryos were examined by whole mount in situ hybridization using a Lim-1 probe, whereas late tadpoles were stained either by in situ hybridization using a Na + , K + -ATPase probe or by antibody staining using a combination of 3G8 and 4A6 monoclonal antibodies. Although, as we expected, Na + , K + -ATPase or antibody staining was less sensitive than Lim-1 staining to perturbation, phenotypes at late developmental stages were still strong enough to detect, albeit at slightly lower frequencies. For this reason, any clone showing both greater than 50% abnormality in early stage Lim-1 staining and 30% in late stage tubules staining, respectively, was defined as positive. Our results indicated that this screening strategy enabled us to identify previously unknown genes that cause abnormal pronephros at relatively late developmental stages. We interrogated all the 768 tested clones from the original plates and established that only one clone, highly similar to the genes of cirbp (cold inducible RNA-binding protein) proteins family, might have a developmental effect on pronephros. cirbp and cirbp-1 have been cloned in X. laevis and are expressed in the pronephric region (Uochi and Asashima, 1998; Peng et al., 2000) . Cirbp-1 gene showed a kidney phenotype following antisense knock-down but not by mRNA over-expression (Peng et al., 2000) . We would not therefore expect to pick this gene up in our screen and indeed the screen is limited to those genes which give an over-expression phenotype. There is, however, no evidence that our screen had missed any genes previously identified with a role in pronephric development.
Among 31 positive clones identified in the screen, more than half of them were expressed in the pronephros by whole mount in situ hybridization using X. tropicalis embryos, and had predicted/established functions highly likely to be involved in developmental processes, such as transcription control, cell signaling and post-transcription/translation modifications, suggesting they might play specific roles in pronephros development. From the initial positively selected clones, we selected five clones that had highly specific expression patterns in the pronephros region in order to carry out a more general study of the effects of over-expression on all of the pronephric components.The over-expression of these five clones individually indicated that they caused pronephric abnormalities with different temporal and spatial effects.
Since Grammer et al. (2000) suggested that the development of the intermediate mesodermal tissue and its derivatives including pronephros is particularly sensitive to cell loss caused by apoptosis during early developmental stages, some of the reduction phenotypes might represent their apoptotic/toxic effects, especially genes from the group D (Table 1) . However, over-expression of the five selected clones indicated that they had differential effects on different pronephric components, suggesting that they have actual roles on different developmental targets rather than simply effects on cell number contributing to the pronephros anlagen. In addition to the fact that more than half of positive clones transcripts were detectable in the pronephros, these results argue that phenotypes caused by mRNA injections are more likely reflective of real roles in pronephros development.
In conclusion, these results suggest that our strategy to identify novel genes involved in pronephros development was highly successful, and that adoption of this type of strategy is useful to screen for the identification of novel genes involved in late developmental events such as other processes of organogenesis, for example, development of the eyes, heart and gut.
4.
Experimental procedures 4.1.
Preparation of mRNA pools for the functional screen
The X. tropicalis full-length cDNA set was obtained from Geneservice (http://www.geneservice.co.uk/home/; D' Souza et al., 2003; Gilchrist et al., 2004) . Sequences identifying each clone can be accessed either by searching the NCBI database using the sequence name or by searching the X. tropicalis full-length project database (http://informatics.gurdon.cam.ac.uk/online/xtfl-db.html) using their position in the original arrayed library.
Each 384-well plate of X. tropicalis unique full-length cDNA clones tested was divided into four 96-well plates using a 96-pin replicator (V& P Scientific, Inc.) to make master plates. Two 96-well replicate plates from each master plate were grown. One replicate plate was used to make 8 row pools (12 clones per pool), another replicate plate for 12 column pools (eight clones per pool), and DNA extraction performed on each pool using QIAprep Spin Miniprep Kit (QIAGEN). Plasmids were linearized with AscI and capped mRNAs were synthesized using mMESSAGE mMACHINE SP6 Kits (Ambion) according to the manufacturer's instructions.
Embryo culture and microinjection strategy
Although the cDNA clones used here were cloned from X. tropicalis, the over-expression was performed by microinjection into X. laevis eggs. Embryos were obtained by hormonal stimulation, fertilized in vitro and dejellyed by standard procedures. Embryos were staged according to Nieuwkoop and Faber (1994) .
Approximately 60 embryos were injected with 300 pg mRNA per clone (3.6 ng for the row pool or 2.4 ng for the column pool in total) at the two-cell stage into the lateral marginal zone of one cell. Approximately 50% of the injected embryos were fixed at early tailbud stage (stage 22-23) and assayed for pronephros development by whole mount in situ hybridization using a Lim-1 probe. The rest of embryos were fixed at late tadpole stage and assayed either by whole mount in situ hybridization using a Na + , K + -ATPase probe (stage 37/38) or by antibody staining using a combination of 3G8 and 4A6 monoclonal antibodies (stage 40). Only embryos that had normal pronephros staining on one side were scored. Pools were identified as positive if scoring revealed more than 50% and 30% of abnormality in both Lim-1 and Na + , K + -ATPase/antibody staining, respectively. Comparisons of positive row and column pool scores from same plate indicated the putative individual candidate clones responsible for the phenotype. For example, if a plate had 2 row and 3 column positive pools, 6 putative individual candidate clones were suggested (2 · 3), suggesting the presence of a minimum 3 to a maximum 6 positive individual clones. mRNA from putative individual candidate clones was transcribed in vitro to confirm their functional positivity. For individual clones, 300 pg of mRNA was injected in combination with 200 pg of LacZ mRNA as a lineage tracer. The uninjected side of each embryo was used as a contralateral control. The same criterion for phenotype as described earlier was adopted to define positive individual clones. The injection of individual clones was repeated to confirm the phenotypes. Partial gene sequences of positive clones were analyzed to check their identity and contamination. In the case of contaminated clones, they were isolated from single colonies and injected to confirm their activity. For the screen, the consistent abnormalities displayed in more than 20% of injected embryos were adopted as phenotypes. In the further analysis of the selected five clones, consistent abnormalities of more than 25% were considered to be significant phenotypes.
4.3.
Analysis of molecular marker expression
Lineage staining
For Red-gal staining, embryos were fixed in MEMFA (0.1 M MOPS, 2 mM EGTA, 1 mM MgSO 4 , 3.7% formaldehyde, pH 7.4) for 1 h at room temperature, washed in phosphate buffered saline (PBS; 137 mM NaCl, 8.1 mM Na 2 HPO 4 , 2.7 mM KCl, 1.5 mM KH 2 PO 4 ), and incubated in Red-gal solution (1 mg/ml Red-gal, 10 mM K 3 Fe(CN) 6 , 10 mM K 4 Fe(CN) 6 , 1 mM MgCl 2 , 0.1% Tween-20 in PBS) at 37°C for 30 min to 2 h.
In situ hybridisation
Whole mount in situ hybridization using both X. tropicalis and X. laevis embryos was carried out as described by Harland (1991) . In order to analyze the expression of the pronephros specific genes, template plasmids were prepared by linearization with XhoI for Lim-1 (Taira et al., 1992 (Taira et al., , 1994a , with NotI for Pax8 (Carroll and Vize, 1999; Heller and Brä ndli, 1999) , with SacI for Wt1 (Carroll and Vize, 1996; Semba et al., 1996) , and with SmaI for Na + , K + -ATPase a1 subunit (Eid and Brä ndli, 2001; Zhou and Vize, 2004) . The expression pattern of all identified positive clones were examined by whole mount in situ hybridization on X. tropicalis embryos. For preparation of templates from clones identified in the screen, plasmids were linearized by one of BamHI, EcoRI and HindIII restriction endonucleases as appropriate. All antisense digoxigenin (DIG)-labeled RNA probes were synthesized with T7 RNA polymerase (Roche Applied Science). The color reaction was performed using either BM purple or NBT/BCIP (Roche Applied Science).
Immunohistochemistry
Antibody staining by a combination of 3G8 and 4A6 monoclonal antibodies (Vize et al., 1995) was performed as follows. Embryos were fixed with MEMFA, washed in PBS and dehydrated in methanol. Embryos were then rehydrated in PBS, blocked in PBT buffer (PBS buffer containing 0.2% BSA and 0.1% Triton X-100) and then incubated in primary antibodies overnight at 4°C. After washing in PBT, embryos were incubated in alkaline phosphatase-conjugated secondary antibody overnight at 4°C. Finally, the embryos were washed again in PBT and stained using NBT/ BCIP following standard procedures. After fixation with 9.3% formaldehyde containing 5% acetic acid, embryos were bleached (1% H 2 O 2 , 5% formamide, 0.5· SSC) to remove all visible pigment.
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